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SUMMARY

Eeat transfer rates accorpanying simultaneous natural oone
vection and forced flow of air in a vertical channel, using an
optical method, were studied experimentally, under conditicns
such that the two types of flow tonded to oppose each other,.
Thus the light, heated air tenGed to flow upward near the °
veriical surfacss cf the channel while the air stream as a
whole was forced to flow downward,

tatively simllar to those oceurring in cooling passages {nside
blades of ges turbines.,

Optical measurements showed that natural convective flow
predominated at lew forced-flow velocities and high temperature
differences while at high mean velocities the flow was downward
even at the wall. Under intermedjate conditions a maxirmm rate
of heat transfer ococurred about half-way up the channsl, owing
to instability of the laminar flow assoolated with the opposing
forces. At the highest mean velosities the local heat tranafer
coerficients agreed closely with values expected from isminare
flow theory neglecting natural conveotion.
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INTRODUCT ICN

Two ‘mportsant types of fluld t'low problems involving
heat trsnsfer are those of fcrced sncd thoss of free con-
vection. Xorced-convection flcw I8 me#intalned either me-
chanically through 8 pressure drcp or by means of hydro-
static head or by both. Free-convectlon flow, on the other
hand, 1is caused bLy @ ifferences in the hvdrnstatic gressure
of a fluild due to density differerces becuuse of tempera-
ture differences. Heat-truasfer coefficients tor the stan-
dard cases of forced and free ccnvection are usually cal-
culable by well known empirical and theoreticul equetio

Flow produced by both free ard forced ccnvection forces
simultanecusly have now hecome of practical importance.

iiS e

Many sircraft preopulsion s;ystems contain components in which
heat. is bheing transferred. Free-convection flow due to )
dens ity gradients 1s superimposed or the forced flow through
helicopter ram Jjets and on tle flow of air in the cooling
passages in the blades of turbines, As will be seen, this
csn aporeciavly influence the resultant flow and heat trans-
fer. '

The present paper presents the mechantism and result
of simultsneous action of forced and free convection forces
on nest transfer when such torces are in direct oprosition
to each otiier. Data were talizen in thre range in which forced

and free convectlon forces were of tne ssme order of magni-
tude.
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APPARATUS DESCRIFTIO

The test unit was a vertical rectangular duct. Air was

forgéd down through thé duct while heat was supplied tc two

pérticular areas snd caused & buoyant force in opposition to
the pressure drop.

The sectionsl end view of Figure 2 shows the construction

of the duct which can be considered to have beén assemhbled in

the following manner. Two machined ﬁnd polished, rectsngular,

1/2-inch aluminum plates, 8" x 12" formed the heating surface.

The se .were held 1.01" apart, parallel and with the 12" axis

vertical. Sildes were put on these plates to form a vertical

duct, open at both top and bottom. & side cansisted of cn

aluminum frame which held a piece of plate glass 12" x 1-1/6",
Between the frame and the aluminum heating plates there was

|

! placed a 1/2-inch wide strip of 1/16" Buna-S rubber, a 1/2"
\ " deep x 1/2" wide transite insulation strip, and a 1/2"
i

l

wide
i layer of glass cloth impregnated with Permatex No. 2. Thesas
7 materials extended at least the vertical leng'h of the heating

5 | plates. A crcss section of this is seen in the top view of

Figure 2. Note that a beam of light passing parallel and
adjacent to either heating plate would not touch these
materials since they were recessed slightly.

Calming sections were attached to both top and bettom of
the heated duct. Cross sections of both were 9.75" wide x

1.04" deep. The top calming section was 24-1/2" in length,
the bottom, 8-1/2".

Connectlon wes made by means of a thin
extension of the heating plates to meet a similar excension

2
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£ in the calming duct sides. These extensions were overlapping,
%ﬁ_ but were separated by means of a 1/4" slab of transite

i insulation. Connection was made through the 1/4" transite

%L slab by means of 8 stud bolts per side. A short adjustable

g; side was put in tne connection between the ernd of the window
al q' e

al!
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frame and the top calming section. A 1/4" foam rubber gusket
plus the movable nature of this pilece made possible a
correction for differences in tneirmal expansion. Design of
the entire duct wuas such that the inside dimensions wers the
same at any polnt down the duct, with the exception that the
distance between the heating plates was 1.01" while the
distance betwecn the corresponding faces of the calming
sactions was 1.04" wide.

wWall temperatures in the hsating plates were measured
by mesns of L & N No. 30 B&S glass insulated iron-constantan
Duplex thermocouples. These couples were located in horizontel
holes which were drilled parallel to snd 1/L" from the heat
trensfer interface., This gave the junction and wire leading
to it a 4" 1sothermul zone in the plate. 'thess thermocouples
were located at & distunce, x, from the top of the heated

plate of 1, 3, 5, 7, 9, and 11 inches.

At the top and bottom of the duct, mechanisms supported
a travelling thermocouple which could move snywhere in a
plane perpendicular to the heuted surface &nd passing through
the axis of the duct. The mechanism of mcovement cculd
determine horizontal changes in position of the junction within

0,2005" and vertical chenges within 1/16". Figure 2 shows the
construction.

LB5E Ty
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The travelling thermocouple itself wes made by butt silver
soldering I&N No, 40 B&S (.0031") copper-constuntan bare
thermocouple wire. The ccuple was gold plated for 1" on the
copper side of the junctlion and 3/8" on the constantan side
of the junction, This pluting and subseguent polishing were
done in order to minimize radiuticn error.

2,
;. r&

All thermocouple wires led into insulated switch boxes.
Separate boxes were used for the copper-sonstantun and iron-~
constantan connections. Leads to the potentiometer were

:
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‘ conbined through a small switch in one of the boxes. The
rosulting connection. led to a No, 2732 Rublicon Potentiometer.
Ccld Junctions for both the copper-constantan und iron-
constantan couples wore maintained in the same ice bath in

a kerosene filled 1/2" glass tube immersed 8" in u thermos
Jug of ice-water,

Alr was supplied by meuans of a GE Model No. 150
centrifugal blower. Alr passed horizontully from the blower
to a sharp right angle bend and then up three feet of 2"
brass pipe to & section where & sharp edged orifice was
instaiied. Pipe taps one diameter up &nd down stiream 3served

: as both pressure taps for the orifice meter and inlets for

* | thermocoupQQSa‘-A manometer, using air over water, was used
to measure the pressure differentisl across the orifice plate.
After another foot of brass tube, the alr passed througn a
3/4" hose to the top of the flow distributor. The flow

.‘. distributor served as a housing for the top thermocouple
mechanism and as an energy converter for the incoming gas.
The air then flowed down through the tep calming section and
throrugh the heated section of the duct. A narrow slot was
formed 1/4" below tha heated plates by means of strips of

light sheet metal extending inward from each wall. The width
of the slot was 0.41" except for a small slit at the center to

permit the travelling thermocouple to reach the wall. This
o F construction can be noted by reference to the top and side
i sectional view of Figure 2.
N
g Tubes were soldered to the outer wall of both the top
% calming section und the window frames. A controlled flow of
% water through these tubes maintained the sections &t room

temperature.

5} Onto the two outside surfaces of the heeting plates were
t £
% !g attached 8" x 12" plates of 1/2" thick aluminum. Six equally

o
L
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spaced 350-watt GE strip hecuaters wers mounted tiorizontally
on each piate spacing. 1t was therefore necessary for heat
producad 1n the strip heaters to pass through one full inch
of aluminum plate in order to gain the inside air-interface
surface; thus uniform distribution of heat was assured.
‘These strip heaters were connected in parallel in banks of
three, two bunks to a slde. Power was supplied to these banks
indlvidually &s shown in the wiring dlagram presented in
Figure 3. This consisted essentlially of a variable voltage
transformer between the line and each bunk. 4in additional
circuit was added to enavle u wattmeter to be thrown 1n
between the transformer und the heater.

e ocptical apparatus set-up 1s best described by
reference tc Figure 4. Light produced by & DC arc luamp was
focused on & stop by mesns of & Taylor-Hobson 6%" £f/2.5 lens.,
The stop contaired an0.015" dismeter pinhole, which permittied
passage of some of this fight. The smallness of the hole
permits consideration of the light as comlng from a point
source, The light then passed to an 8" parabolic mirror which
was located at its focal distance (50") from the pinhole. The
reflected light from the parabolic mirror was substantially
parallel and horizontal., A small angle (3.2°) between the
incident and the reflected light metns & negligible distortion,
Due to the small refractiou of iiis light rays passing through
the test unit it was necessary to huve a long opticul path
beyond the unlt. Since the room in which the experliments were
conducted was not ss long as desired, it was necessary to use
two pléene, front-surface mirrors to extsnd the opticul path,
At the point &t which the rocus of the refracted ruys was
desired, an 8" x 10" photographic plate was installed. A 3%'
long wooden rectangular duct extended from the plate toward
the light source to protect the photographic plete from stray
light. '
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A shutter was installed just beyond the pinhole, to
permit a known exposure time on the nagitive, Film used
was Kodak Contrast Process Ortho.

The parallel beam optical path to the test unit was
an 8" dismeter circle. However, the test section of the
test unit was 12" high. Since the optical system once
aligned, was very difficult to adjust for accurate work,
it was made us a stationary installation. Then, in order
to use optical methods on the entire test unit, it was
necessary to arrange for verticil nmcvement of the test unit,
e unit was, therefore, suspended on & frame 1n which it
could be moved up or down. [he welight of the unit was
counterbalanced by 128 1lbs. of iron sssh weights.

A triangular arrungement of three jacks at the base of
the suppo:ting fremework permitted adjustment of thne test
rig to vertical, A plumb bob, suspended from an arm, high
on the outside of the duct, was used to determine vertical
alignment. Near the bottom, the wire supporting the bobdb
passed through a ring. The duct was conslidered to bs

vertical when the wire supporting the bob was centered in
the ring.

PN g i . (4 Ty ST S ST TR ! 3 - S
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PROCFDURE

The test unit was Inftially put into operation LY
suppilying power to the blower and hesting elements, and
ccoling water te the ccolin; tuhes for the window frames

and top calming sectinne.

Arout two hours were required for the unit tc come ta
equilibrium which was determined by tempereture eguality of
oppos ite heating plstes, constant wall temperstures, con-
cstant inlet alr temperature (inlet air was neated by thne
blcwer), 3ta%1lity of pressure drop acrcss the sisrp edge
orifice in the alr supply line. snd approximate room trmp-
erature for the water cooled secticns.

After attainment of egquilibriuvm, the test unlt was
aligned vertically and optically. Vertical alicnment was
accomplished by changing the length of three Jjacks support-
ing the frame so that the plumb bob wire wuas centered in
the ring. The test unlt wus finally resdied by alisning
both the parsliel incldent lisht end the travellng thermo-
couple in planes parullel to the heatiny surfaces,

Travelings thermcccuple data werc first tauken. ihe
junction and wire were t'irst located psrallel to the s=ur-
face at elther y = 0,005" or y = 0,0075" from tre sur-
face, The ‘unction was then moved vertically down asnd resd-
iri;e were takon at various vslues of x inchesa from the tcp.
A new »lare further r'ror the suri’ace wus next chesen, and
the procecure repested and sco on. The last plane chosen
was 8t y = 0,500" which was close encugh tu the center
to be called thie centarline. Actuul centerline was at
y = 0.505 Only duts frem one well to the centerline
were ccocllected. Tenmperature distribution in the cus on tre
other slde of thc centerline wes assumed cte be symmetrical.

All wall temperatures .t the hesting glate were taken

o W R e s e T i
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L 1 on the side which wes vsed as the datum plane for the
traveling thermocouple., As a check on the opposite side,

%]

one wall temperature was taken there for comparison.
Pressure readings were tallen across the orifice and
tetween atmosphere and the downstream orifice top. Thermo-
couples installed at the pipe taps gave temperatures at
these polnts. Finally barometric pressure was recorded.
With lights out, the arc lamp was turned on and
rletures were talen of refracticn occuring in the lower
half cof the test sectlon, The test unit was then lowered
and similar pletures were taien of the upper half of the
test sechion., Usually two pictures, of 1/5 and 1/2 second
exposure time, were taicen of each section, Standard
procedure was used in devélopment of the negatives.

: v
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D ISCUSS ION

a

Qutline cof the Problem. Interest 13 centered on

heat trsnsfer to a fluld ftorced to flow through a con-

t in which gravitational or contrifugsi forces are
the direction of' the flow. ,

ihe temperature gradlent trom the heated surface
to the main body of the fluild produces a change in den-~
s ity iﬁ the ilrection normal tc the flow of fluid., The
gravitational or centrifugal forces acting on this change
in density, produce a ditf'erence ir. hydrostatic head across
the ‘condult, The less dense material nea} the heatedl

surface, therefvre, les less nhvdrostatlic head than the

fluld nesar the center of the duct. Since the fluld nres-
sure nornel to the flow L2 essentlally constant acrcss

any crces section, thils difference In head canses an

O B SN R R S R BRI T TR TR e

untalance of forces, ard depending upon thie relat'lve

strength cf these forces, resulis In reducticn, stagnatlcn,

or reverssal of the downward flcw of fluld near the wall,
Since 1t was not practlical tc have a simple test

unit in which the sccelerative force was produced by

L)

centrifural force, the unit w2l to be so arranged that
gravity acted as the effective total of all constant

accelerative fcorces., In the provlem under discussion,

this was arranged by Laving a vertical duct aa the test
unit.
Dract Thecrellcsl Wcuaticns., Tlie thecretical eguu-~

ticn for real f£low to &8 moving fiuld (1) zuan Ye expressed

as follows:

39 X 3 x y 97 2 9oz ax a7 3"

1

oot
»
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I'ns velceclty terma in Eguaticn 1 can bo expressed
by Newtcn's law, Perce = Mass x Acceleration. Newton's
equation, applied to moticn of it volume of the fluld

*

ir. the direction cf three coccrilnastes, respectively, (2)
becomes :

dux
pa,‘--(gx-thﬁ'F\CC . fz)
du
B A = P 4+ o (=
P 36 (6, * v F‘) 5 W3
duz
e 8hpe . L \
pIg T (B * P *F) g, (43

where the tctal force 13 compcsed of:
l. Inertts forces Sy gy, 5, A5 gravity, or centri-
fupal torce,.

2. Dynamical fcrces Py, ) 4 Pz’ 8s Lthe presanre drogp.
22 U

3. Frictlonal forces F » F,» F,, cuaused by viscosity
and wali friction.

Prictlonal forces (F) are expressed in the equation
of. Stckes (3):

32u 32u azL__ S an au du_
F, o= Bl—pF + —5 + —=%) + = & (% + L« D)
= ax ¥ 3¢~ 9 ax d° dz

Two similar eguatlions (dencted as Eq. 6 and Bq. 7
respectively) for F_ Bnd F, fcllew by cyclic variaticn.cf
X, ¥, 2, &and Uy uy, U, e

fxact sclutlon would reqiilre simultsnecus solution
of ZBgquations 1 tc 4, ‘tHowever, 1t 1s obvicus that analytlical
sclution of Wguaticns Y to 4 i3 impessivle., For practical
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pogsea; consideradle simplification of these equations
can be attained without great lcss of accuracy. Such
simplifications, however, musti include laminar flow.

Approximate Theoretical Eguations. For the heut
ccnduction equation, BEquation 1, such simplifications
include the assumption of :

l. Steady state unidirectional laminar flcw,

2. Constant phrsical properties of the fluid (#, 2, p,
and ). :

Se Nezlizibie conduction in the direction of flow,
i.8. in direction x.

4. Tempsrature independent of time.

. Ccnstent duct wall temperature

Application of these assumptions give:

2
at - gt j—g‘) (€)
Ux 3 of° ok

o

For the hydrodynamic eguations, Equaticns 2 to 7, such

simplifications are:

l. P ani F are neglizitle in the direction y and z.

2. Physicsl propertles of fl:1d are constant with the
exceptlion of the density in relsticn to g, the
acceleration due tc gravity.

3+ Flow ! conatant and unidirectional

4. Gravitational or centrifucul force lles in the x
direction only.

Application of these assumptions to Eguations 2 to 7

glve:
g, +P +F_ = 0 (93
a2ux a2 §
and Fx = P(gjz- +‘:75‘) (1Q)
y Qz

e VTGO T ¢ hon e st A SR IR VR g T PR B T RGN AT PRRE : A Y

-



ViR

i
?

L
.

x

ﬂ"f‘f.

{5k
s

oy BRI

R
%

i B

PETETOT ARITY

TR A %
S

‘.
&

AL

&,

VETULIN RS ik £

——p ——

14
3 °L
Sirce Px ="?r£§and 8, = —:——p, the hydrodynamic
eyuation becomes: .
g Fu,  Su
22 = Lprn = e B9 (11)
o Y Y4

Changes in density are manifeast by a cnange in velo-
citles due Lo expansion of the fluid and by » change In
Lhe gravitaticonal or centrifugal force on a unit volume.
Since the former effect has been neld constant and the lat~
ter has bYeen regarded as a functiorn of temperature, we
find that Bguations 8 and 11 offer practically the furthest
theoretical simplification of the actua) cese as stated under
"Ooutline of the Problem™. Some additional simplification
results tor the case of flow throuch a cylindrical tude cr
between flat parallel plates of Intinite extent, But,
ngvertheless, simultaneous unalytical sclutlon of Fjuatlions
8 and 11 does not appesar possivle,

For analytical soluticn of Edhations 3 asd 11, 1t

~

is necessary to regard the dersit us ccnstent also.

. g
In thils case then Jip,— —L—p = PFrlctlonal Pressure Drcp.
ax SC

So Bquation 1) cuan be expressed as:

3% i

) u

(<3 = p '7}’5~ o) (12}
Friction 9y S

Solutlon of Equation 12 for flow in c3ylindricul tubes
cr baiwcern flat parallel plates of infinite extent rasults
!n a paratolic velocity dlstribution {4)

- Oubstitution
cf the parabelic veicciiy distribution In the hemt zone

ductlion eguation, inastion 8, results in eguaticna amerable
t¢ sclvtion.
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A Morrics and 3treid (5) have compiled and plotted
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these solutions for the cases of parallel infinite plates
and circular tubes. A plot of these equaticns is given

in Figure 12. Coordinates are listed in Tubie 12, The
heat-transfer coefficlents used“afé defined by Eguation 13.

S T X
hy Lty » S5~/ hy L%y = %/
(€ ’tl) = (tw'tal
hL ZK%w'tl)/(tw°téI:Z

g e
s 1, /{ e (°w,"t?) 2 . (13)

Previons Lxperimental ork, OStender (5) investigated
the heating of upward or.downward flowing water in a vertical
pipe. [low rates were between a Reynoldts Number of 10,000
anc 63,000, Little gifference was found between heat trans-
" fer rates with flow in either directicn. Ile concluded,

therefore, that the buoyant force had negligible efrect
beyond N, = 10,000,

=0
i

Jurgensen and l‘ontillon (7) heuteqd woter flouing
within 2 verticzl tube and found the heat tranfer coeffi-
clent -independent of flow direction for Mre grea’t :r than
207,000, Between the lower limit cf investigation (HRe = 8,000
to Np, = 20,000) they roted that downwsrd flow gave higher

coefficiants than eitner u»rword flow or

» floaw within a horia.
zontal pipe.- /ithin this range thelr dztz for herting water
in downward flow in a vertical tube are correlated by:

s [ ~\
B = Bl g 0 s A

210} "Re . NPr (14)
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t. They also mention that Scennecken, (£), who huilt
and first used the apparatus used by Sternder, reported
higher coefficients with downward than with upward t'low.

&
i e

E Cclburn and Hougen (9) found thut, tor reating water
% flowing in 8 vertical pipe st ratses up to N of 22C0, the
%

Re
z data for that particular tube are correlsted by:

h = 442 ¢ (Ata)l/3 for upward t'low (15)

*

|
h = 442 ¢t (At‘.ﬁl)‘“/:5 fcr downward flcw (1e)

Experimental Approech to the Problem. Preliminary
consideration indaicated that if flow rates were low, the

£luid cculd become bucyant anough in the vicinity of the
%11l to rise aguinsi uvne airection of flowe. Under such

& ‘r considerations 1t was noted tlhat thie heast-transfer coeffj-
clent may be a functlon of length and Grashof Number (10)

d

£ as well as the varlables expressed 1n egquations of former
% w 3 N
| ork (NRe’

oy NPr). Therefcre, it was felt highly desir-
abhle to determine lozal heat transfer coefficilents.

One method of determining local coefflicients is to

cbtain the temperature gradifent at the wall, Since at the

wall the velccity 1s zAaro, the heat tranafer 1s by conductlicn

§ and can Y& Sxpresssd as
s % = 12km(—g§)y=<) (17)

9% when tie grudlent 1s exprecssed in degrees F. per incl.

%, If the {'low rate ot the fluid is not too grest, then
%§ & linesr velcclty gradlent exists fcr some.distance from

2 the wall. McAdams (11) presents data fcr air in isothermal

g
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fiow, in which the linear velocity gradient extends 0,10
inch from the surface for an average velocity of 7 ft. per
second. This distance incre2ss5 as thy velosity decresses,

Martinelii and Boelter (12) give Leveque's sclution
to the heat conduction equation (Equation 8) for ths case
of heat transfer to @ fluid which has & liunesar velocity
gradient from the heat transfer surfece. Their plot of
this solution shows that the temperaturs gradient, too,
is essentially linear from the wall.

It s apparent, then, that the tsmpzrature gradient
at y = O axtends out into the fluild for some distance in
cases of low flow rates., Since ths velocities at which
the buocyant force cauﬁe& an effect on heat transfer are in
the low Reynold's Numbers anyway, this approach should te
valid for thias investigutione.

At leuast two methods are available for finding the
temperature gradienta at the walil., One method is to take
thermocouple readings at known distances from the wall to
find the slope directly. The other is by means of the

amount of refraction of light which was initielly parailel

to the heatsd surface., Both methods were used and found
successful., 3

Besides. these methods, the mixing-cup temperature of.
air into and out of the heated section was taken &3 further
checke. 3Separate desoriptions of each method follow.
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raveling Theramgcouple Measurements

The hot Junction of the traveling thermocouple is
adjacent to air at one temperature and essentially
surrounded by a heated duct at snother. These terperature
differences can become appreciable, and the heat transferred
to the wire by rzdiation will cause the wire to be at a
higher temperature than the surrounding gas. Since the wire
measures its own temperature, this error is introduced in
gas temperature measurement,

The radiation error can be calculaf;ed by setting up a
heat balanca around the wire, Heat tc the wire by radiation
will dbe equal to heat leaving by convection if the wire 1is
in an isothermal plane. Since the couple is inclosed by a
virtual black bedy, we have:

Yadtation * Yonvection

’ g e
0.173 CLa"((Th* - (ZEE¥) = n clibuire - tgas)  (18)
Original calculations werse made for:

Ty 1060 °Rr (600°F)

T ipe™ 660 °R (200°F)

a¥ = 0,84 for oxidized constantan
hx - €0 (see Ref. 13)

and resulted in

t os 26 °p

wire 'gs8
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To reduce this error, gold was plated on the junction
and polished.
Then, a" = 0,035

and Yuire = tgaa = 1.1 °F

Howsver, the introduction of gold onto the surface of
the copper to constantan junction causes an additional
electromotive force sffect., Essentially, a new junction 1s
establ 1shed between the goid and constantan, The cupper to
gold plate contact seems to have negligible effect.

Application of a heated rod of known temperature over
the point at which the gold plate stopped on the constantan

" . side of the junction indicated that a calculated (1)

temperature gradient of 50 degress F. per inch gave an enmf
error of about 10 degrees F.

It was then necessary to obtain the length of the gold
plate on the constantan side of the junetion which would
cut down the radiation error at ths true junction, and yot
be short enough that both major and minor junction hed
easentially the same environment temperetura.

In order %o calculate the length of plate needed for
this condition, the point &t which gold plate stopped on
the constantan side of the true junction was considered
tc be attachsd to a 30lid wall of temperature 26 degrses F,
(unplated wire to gas At). The wirs then extended out into
an environment of temperature 1.1 degrees F, (minimum
protected wire At). The solution for this case (1l4) gives
the tsmperature at any point along the wire.

The final solution of the problem then rests as a
balance between the length of plating which will reduce
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the error of radietion from 26 °F to “t®, versus the
distance between the junction and psuedo-junction which
will raise the error from 0 °F to "t¥, This length
proved to be 3/8" on the constantan side ths junction,
which results in an estimated error or abhout 3 °F,

On the copper side of the junction there appeared to
be no error introduced by the gold plate; and so the plating
was extended far enough to reduce the error theoretically
to 1.2 degrees F, This length was 1" on the copper sids of
the junction. Total langth of gold plate was therefore 13/ 8",

The copper constantan wira used for the traveling
thermocouple was Leeds and Northrup No. [0 B&G Gaugs (0.0031"),
The amall size minimized error due to conduction when the
wire lay in a non-~isothermal plane. To obtain a point
junction and yet have both joined wires on the same axis,
the junction was made by butt silver-soldering. This was
accomplished by dipping 1/8" of the end of each wire to be
Joined into & molten drop of low melting point silver sclder.
These two ends were then accuretely butted by means of a '
micropositioner., A small flame (i/8%) was touchsd o the
junotion and the silver-solder flewed into the slight gap
to form & continuous wire, Flux was used in all soldering
cperations. So successful was this method that in some of
the ocuples mads, it was not possible to tell exactly where
the junction lay without a low power microscope since color
was obscured for 1/8" on either side of the junction due to
the silver coat. ‘

Gold plate was applied by using a l-volt potential fox
about 20 minuteus, The area which rested in the pleting
solution but whick wes not to be plated (only the distanca
of 1 3/8" was to bs plated) weas protected by a coat of

& S 0 P v £ a0 -
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Wonder-lsc stop-off lacquer.

Two different traveling thermocouples were used in-
the course of all runs. Ons had a small bead (estimated
thickness of 0.004") which identified the junction. The
position of the junction of the other could be identirfied
only because its distance from the end of the gold plate
on the constentan side of the junction was known.

Slight differences in temperature between the two
heated plates or between Oppcciyo sides of the top calming
ssction shifted the calming sections slightly from vertical
parallel to the heating surfaces, If the traveling

~ thermocouple was flush with the heating surface at one set

of conditions, it was found that it might have been
displaced 0.020® in the next. Such variation made it
desirable to zero the traveling thermocouple before each
™un,

T zero the thermocouple was not difficult, I the
thermooouple wire was close to the heating surface and
light was dirscusd &t a small angle to the heating surface,
then the shadow of the wire on the surface as well as the
wire itself could be seen., It can be shown geometrically
that the distance between the images as seen 1s twiee the
actual distance from wire to plate., Under these conditions
the wire can bs located with reference tc the surfacs within
ssveral thousandths of an inch,

In operation it was found that the wire, although

originelly parallel to the surface, would not necesseriiy

be pareallel when the junction was moved vertiecally.
Fortunately, however, the junotion stayed a fixed distance
from the wall.

e e v 7 et -y . ST IS e
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Actually, the error in measurs of the distsnae
between thie wall and the wire wae no:c critical, since
the temperature gradient was taken by moving a fixed
horizontal distance from aome reference point near the
wall, It made no diffesrence in calculatione whether an
attempt was made to fix a standard reference point,

: As indicated in "Procedure", at particular points,

% X, dowia the heated duct four temperatures wers taken at
specific intervals away from the heating surface,
Temperature measurements taken by means of the traveling
themocouple wers less accurate the farther from the wall
b the junction was located. At 0,005"™ from the wall the

~ galvanometer was very steady. The farther away the couple
& was placed, the more the galvanomster oscillated. In some
' cases, duplioation of results oould not be secured within
0.2 mi1llivolt for y = 0,.10" from the wall,

Despite this error, slopes were easlly found by use
of the four points., Cases in which the error was large
due to the eddying of the gas were cases of large

" temperature gredients anywsy and the percent error was
approximately the same in all.

Terperea ture measurements for gradients near the atart
and end of the heating section (x = 0, 11.75%) were the
most in error. At the start of the heating section, the
temperatures measurements gave & curve up to the wall, The
gradient at this point was estimated and 1s 1listed in the
data (Tebie VIII), but was s0 obviously in error that the
gredient as determined by the opticel method was
substituted for calculation of the heat flow. Near the
end of the hoated plate (x = 11.75"), the disturbancs due
to the oontraction (located 1/2" farther down) as well as

s ~ —
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a drop-off of plate temperature due to conduction to the
lower calmlng section, seemed to cause peculiar results.
With these exseptions results ware good,

As expressed in Equation 17, the heat tranafer rate
per unit area 1s known if the temperature gradient in elr
at y = O and the thermal conductivity are known, To find
the total heat to the air it is necessary also tc define
the ares of heating surface from which this hes¢ paases,

The length of the heating piates which was 12", 1s
defired as the heated length. The width of the heating
plates was 8", At the edges, hewsver, there was a 1/2"

~ treansite atrip and a 1/16" rubber gasket through which the

temperature dropped from tw to the cooled-windowframe
temperaure (about room temperaeture). The heating width
was therefore approximately tia eight inches of aluminum
plate plus one-half of the distance through the transite-
gasket insulation on each extreme or 8.56",

It was assumed that the point temperature gradients
as found at the center line existed acroass the heated width,
Under this assumption, the average temperature gradient is
expressed as:

@ - o e (19)

For this integration, the gradients (%L were plotted versus
x(but the temparitnre gradient at x =.0 was taken from the
opticel date), e resulting graph was then integrated. by
using Gausst!s 6 point :ntsgration formmla (15). Then:

Y1
qQ = 12k*A(3;ll (2?)
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where (g-}t")a is expressed in degrees per inch. A in this
cage i 2 x 8,56 x 12,00/14Y, = 1,425 aq. ft.

Values of- the temperatures from which temperature
gradisnts were calculuted, tempersture gradients, and Q
calculated from these gradients, are listed in Tatles
IIY, VIII, and X, respectively.

Hoet Transfer from Visual Measurements

Jakod {16) points out thet if a heated plate in &air
has a constant temperature gradient from the surface for
a short distance, then the refr2cticn of & graging beam
of light cver this surface can be used to messure the
tomperature gradient. We have already noted, in the flow
range to be studied, that a linear temperature gradient
oxists for some distance from the wall into the fluid.
The method then appears ideal for the present study.

Martinelli et &al. {17) outlina the mathemotigsal
derivation of the equation for calculaticn of the
temperature gradient from amount of refraction:

. 4
[

YT '
by o BOEM 1@ __jrl 12
.a’)x‘v 0.1LE P’ &y Rt

ot

" where B 18 a correction factor which effectively replaces

'1" by an average temperature through which the light passes
in the courase of rofraction, and 1ls expressed by the
squation:

Y 3
s = 1+?'1(§.—;-;)2 ;{-? T, (22)
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.. The test unit as described under "apparatus® comprised
a flat duct with two perallel, opposite heating surfaces As
the wider sidea, and glass windows as the narrower, With
two parallel piates, the obvious me hod of obtaihing'grazing
light 1s with parallel light. Figure 4 shows tba equipment
arrangement to obtain parallel light,

Ideslized operation of the tast unlt for visual purposes
i3 best ncted by reference to the lower right hand viem on
Pigure 5. This view presents the test duct as if looking
down from sbove. Alr is passing into the plsne of the paper.
Light whionh 1is originally grasing end parallel %o the heated-
surfagcs is refracted from the heamted surfase. lfte?'loaving_.

" the dAuct the light resumes a linear peth, dbut with the e~

vistion 1t had upon leaving the test unit. A soroan is set
up beyond the teat. unit to intercept the rerrsotcd light..“f

The diatance 13 measured between the point at whiah ‘this light

fnlll upon the soreen after passing by the heated pllte, and.

the point at which it falls if no heat is applied to the un1t~7

(no Aeviation). Since the Aistence of tho screep from the

‘ 88L unit is known, the temperature gradilnt *hrough twhioh. . :
‘th‘a 3razing lisht ptase: oan be caxoulatod rrou ﬁquatian (21).

:.‘ e

_ The main grnph of Figure 5 shows the anount of rervuetlon
of th, 14ght ‘40 relation t the temperature through whigh ;: :
Paaae;, The solid, &rrow merted lines 1ndioate 1ight whioh

- has auau laft the test unit (*Bmergence cf Light from Tegt )
Urit”), trter hﬁving pl:agd perpendioular to the. dotbad temp-ﬂ
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The refraction of the light beam, sunh as beam AA,
which just grazes the heated surface is of interest. Its
distance of refraction on the screen is messured from a
linear extension of the heated surface to the indicated
point., Total distance of refraction is Y,. Note however,
that beam BB which initially was parallel but not adjacent
to the heated surface was refracted even more than beam AA,
This was caused by the fact that beam BB has passed through
the same temperature gradient, but at a lower absolute
touperntul;e. than beam AA. Review of Equation 21 will ashow
that this condition 1is expected to give a larger refraction.

Beam CC, which is typloal of iight passing through the
center of the duct, is refracted little because of the low
temperature gradient, These beams form & bright center lire
on the screen.

Example of these patterns of refraction can be noted by
reference to Pigure 6, Run E-=l.

If the sacreen is brought to within 2 to S feet of the
test unit, the convergence of rays BB and CC indiocate
closely the poini of aotual penstration of heat to the gas.
In some oages also 1t is a measure of & laminar film, In
all cases, the refraction is so slight at this distance,
that the image as seen gives essentially the actual distance
between heated films, Figure 8 shows ruil sisze piciures of
such *¢lose-up” for the upper and lower section of the test
unit,’

Due to the lack of linear length beyond the teat unit,
it was necessary to install two plane rrént-q'urfaeo mirrors.
Since the standard front-surface mirrors are not Optioally
‘plane, i1t was necessary to correet for doviationl.

———n
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After exhaustive tasts, it was found that horisontal
deviations were negiigibie. Vertical deviations, however,
reaulted in & 1/47 contrastion of the image., Correction
of this problem rssted on placement of a "ladder" in front
of the test unit window. This ladder had rungs which cut
off the sentering light at known intervals down the heatsd
length, The resulting photographs then had these markings
which located exactly where the light had come from. This
procedure also helped correct for vertical refraction.

In some cases, it was desir8ble to put 3 atop in the
light path to cut out all of the light which would other-
wige liave passed through tha center of the duct, (such
beams 83 CC in Figure 5). Only a vertical sladb of light
0.07" thick and adjacent to each heated surface was
permitted to pass across the duct., Figure 7 showa photo-
graphs tekenr with and without the stop.

As noted in the section headed "Apparatua', it waa
necessary to move the test unit up and down since the unit
was greater in vertical length tham the height of the
optieal puth; the parabolic mirror was only 8% in diemeter
whereas the length of the test unit used for pictures was
from x = 0 to 11.75. Thexrefors, it was necessary to
readjust ths position cof the unit for each run, and to
realign the heating surfaces parallel to the parallel
light, However, such alignment was not difficult. If
parallei light was passing between the two polished
perallel plates in the test unit, and the plates were
turned slightly, then some 1light would strike cne =f the
plates and be reflected. If a screen was set up about 3!
from the exit of the light rays from the test unit, a
sharp line was found to be superimposed upon the usual

e et e oo —
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. parallel beams, cazsed no apparent effect on this procsdue,

light through the unit. This line approached coincidencs
with the boundary of light only when the plates approached
bsing parallel with this parallel 1light. If the unit was
fuiatod past the point of being parallel, then the same
phenomsna ocourred although propagated from the opposite
plate, 1In short, alignment at the point =2t which no
reflected lines appeared on the screen was assurance of
the parallel nature of both light and plates. Addition
of heat, which refracted the light causing slightly non-

As alresady brought ocut, the measurement of the
deflection of the refracted beam of light whigh grazes the
heating surface (Beam AA in Figure 5) is necessary to find
the temperature gradient. As can be seen by reference to
Figure L4 or 5, the grasing beam starts from one side,
crosses the horisontal centerline and appears on the sorsen.
The distance deviated (Y,) then is:

y 4
Y, = Distance between inrer boundaries on goreen + 12D (23)
2

where, in this viit, D = 1.01/12 feet,

-~ e

The wall temperature of the heated plate was constant
across the saluminum plate but dropped off linearly through
the transite-gasket strip to the window frame. As discussed
previously, one-aalf of the thickness of the strip on either
side 18 considered to be a part of cae heating section.
EQuation 21, however, contains an absolute wall temperature
term., It therefore becomes mnacessary to correct for the
fact that over this section a different (3t/3y), amd T,
exiat. : ;

Two assumptions are made: -

1. That the average temperature ('1‘"') of the transite-
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rubber strip 1s the arithmetic average between T, 6 and the
window frame temperature (taken as 100 F), or:

T+ 560 °R
Peem i (24)

2. That the average temperature gradient through
which the light passes in this region 1s one-half of the
gradient from the aluminum plate,

Suppose that we now say that one unit length of
alumfnum plate under temperature T, and gradient (3t/dy),

gives a deviation (Y,). Under identiocal cimcumstances
then, we find what deviation (Ys') would occur for unit
length of the transite-rubber strip. Solving EQuation 21
for Iy and setting up the ratio of deviationes with the
stated assumpticns gives

T, = B/ 2 @) amhH (@)

In the case of when t = 500 °PFP, the retio is 0.800,
This means that one unit length of the transite-rubber
ingulation strip is equivalent to 0.800 units of the
aluminum plate with respect to refracting the passing
light, The sffective heating length based on T, for this.
case 1s, therefore, the length of the aluminum plate plus
0.800 times the tranasite length (which is 18/16"). Tis
gives a value of & = 8.90", The accepted value for this
unit (es was explained previously) 1s 8.56"., 7v avoiad

‘complications, it was decided to =mmltiply Equation 21

directly by the correction factor of the standard &, to
the new & . Such correction factors for t = 500, 400,
300, 200, and 100 °F are, respectively, 0.958, 0.968,
0.978, 0.987, and 1.000.

e e
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The value or(at/by)xv for any particular wvalue of x
is then calasulated by use of Equation 21, remembering
thats

l. Ya is calculated by Equation 23 from the photo-
graphic record.

2. Tw at x 18 obtained from a greph of Teble 5.
3. The aforementioned correction factor is applied.
4. Barometric pressure is sllowed for.

Use of thesv values gives the calculated values of (3t/dy)
as tabulated in Table IX.

b ¢

T™e total heat translerred to the air from this
seotion 1s calculated precisely ¢s deseribed for the case
of temparaturs gradients by traveling thermccouples. As
before, use is made of EqQuations 19 and 20,

Values of Y,, gradients, and qvfrcm these gradients
&re listed in Tadbles VII, IX, and X, respectively.

Reat Tr or as Caloulated by Average Inlet and Outlet
Temperatures

The standard method of measuring the heat to a fluid
is to obtain the heat input and subtract losses. Such a
méthod wss impracticel in this case due to the unusual
design of the apparatus &3 wsll as low hoat pick-up by
the air. In such case it was felt that more accurate
information might be obtained by taking the average inlet
and outlet tempsratures. ‘e methed is:

e = Wo{t,-t)) (26)
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The flow rate ranged up tc 2 meximom Reynolds number
of 4900, Under thease conditiona the velocity profile at
the start of the heated asection was very closely parabolic
(18). WwWith the temperature profile also at the start of
the heating section, it was possible to find the avereage
tempemtﬁre (tl) at X = o, based on the assumpticn that
there was &8 two dimensionel velocity and temperature field,

The average velocity is given by the equation:
w, = W/ s (pgTy/ Ty) (27)

and the point velocity is given by

u= ?? L (Dy%f2) (28)

The point density is relaved to the main body density by
the equestion

p = pgTo /T ' (29)

and ths masgs flow rate 1s given by
D
W = .jr upd'i' - (30)
0
vhere D is in feet. -

Equation 27 is substituted into Equation 28, Equations
28 and 29 &res substituted into Equation 30. 3clution Jor
the average temperature (Tl)._ gives

D
i/, = & (Dyty?) ay”/ T (31)
1 3 Jo
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This eQuation was solved by ploting T versuaz y at
x = 0, Temperatures were then picked cff =zt roints
which corresponded to values of y which wosuld fit in
gauss's six-point integration formmla {(15). The entire
equation was then numerically solved by use of Gauss's
formuls. Table I gives the inlet temperature profile.
Teble X gives Tl'

A similar principle was used to find the mean outlet
temperature. At a distance of 1/4" below the end of the
heating plate, a contraction was set into the duct, The
form of this contraction which is effectively a narrow
slit running the full width of the duct, can be noted by
observing the top view of Pigure 2. It is well known
that a oonstant velocity exists in a stream passing
through such contraction (19). Therefore, the same
mothod of calculation used at x = 0 can be used at the
contraction. Equations for this cass are identical with

the former except that u = L Solution gives:

DS
/1 = 5’-‘,—{ o (32)

whers D!'. axpressed in inches, equals the dismeter of the
contraction (0.410%).

It 18 to be noted, however, that the contraction was
1/4" belr.w the heated section. In order to obtain the heat
transferred to the gus in tic heatsd ssction for comparison
with the other two methods of obtaining heat tranafer, a
correction factor must be applied.

It was assumed that this strip, below the heated
soction, was S0¥ effective, or that the amount of heat
transferred from x = 0 to the contraction was equivialent
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to the amount transferred if the heating plate had been
12-1/8" long. Terefora:

W = 53 We (ty-t) (33)

Te flow rate was metered by means of sharp edge
ocrifices which had been calibrated with calibrated gasome ter.
Orifice coefflcients were as expected., Calibraiion erior
was estimated to be 1%, but, due vo slight variations in
the input voltage to the blower, usage error was advanced
to 2%.

The specific heat at constant pressure was taken as

0.240 plus ,003 correction for humjidity.

The values of q calculated from the mean temperature
change are listed in Table X.

Consideration of Data for Analysis

In geometrical configuration, the test unit 1is a
aarrow rectangular duct. Nevertheless, it cannot be
considered to be a true heated duct, since only two of
the sides are heated. In & case such as this, 1t can be
assumed that the two parallel heated plates are a slice
cut from the classical case of air flowing between two
heated planes of infinite extent.

We will choose the bresdth of the section cut from
the infinite plates as equal tc the heated breadth (ah)
of the unit. Formerly, then, the cross sectional ares
was 9.75" x 1.01", now an imaginary piece has been taken
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out of each end and the new &area ic 5,54" x 1.01". The
former breadth of 9.75" was not fully heuted at the
extremes; the new heated breadth can, as was discussed
previcusly, bs considered to have the tull plate
temperaturs tw'

It remeins then +to correct for the fact that the
average veicclty in the removed area i1s much lower than
in the center "core" area,

Semiquantative relationships (20) show that if the
point of cut-off 18 specified, a relation exlsts between
the velooity at the cut-off point and the velocity at a
specific distance from the wall in the center of the duct,

_In this casze, the velocity at the cut-off 18 approximately

the same as at 0.17 D from the heated surface in the
center of the duct, .Since at the center of the duct, the
velocity from the wall is closely parabolic, the average
velocity flowing through the ocut-off end section may be
approximated by:

«17D i
Yav. '] 6 u, (E = bé) dy’= 0.5 Yy
0

It will be assumed that the weight flow is proportionsal
to the linear velocity. The "core"™ area is 88% of the old
area, Therefore tho weight rate in the "core" can bs
expressed by use of the area and velocity relationships
mentioned, Then,

W, = 0.88wW+23Ew (3l)
= 0,94 W '
g = 274V (38
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8.5‘91&1._0.1_ = 00,0601 eq.ft. (36)

where S, = &p =

Note tiiat the extremes of error iur flow down this
"eore" are + 64. T™ese extremes are: 1) no flow in the
excluded cross section, and 2) uniform velocity over the
entire cross section of the duct., Probable accuraoy of
flow down thls "core" is ¥ 2% of the true flow.

For purposes of consistency, 811 fuwre calculaetions .
concerning heat tranafer coefficients will be based on Gh'
This assumes that all of the heat goes into the amount of

- alr sxpressed as Gh’ Such 18 not the case as some mixing

ocecurs., Lrror introduced in this assumption affects the
value of the calculated heat transfer coefficient (ha)
since it 1s based on the arithmeiic averuge temperature
rise between two points. However muxirmm error from thina
agsumption proves to be 1,84 and decreases quickly as the
flow rate increases.

Range of Investigation

Flow rates of runs are identified by letters, thus:
Approximate Reynolds Number, 900 1800 2700 3600 Y800
Identifying letter, A B c D E

] Wall tcemperatures are 1d9ntiried_bj numbers, thus:
Approximate Wall Temperaturs, 200 300 400 S00
Identifying number, 1 2 3 L

If two runs were made at the same general conditions,
they are diffarentiated by a leutter "a" or "b" after the
number.

£ All combinations of conditions involving the five
letters and four numbers were made., One special run (x-})
had a Reynolds number of 1440.
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RESULTS

Compariacn of the Three Msthods

The optical method of determining temperature
gradlents in ths alr 24jacent to the wall agrees very
well with thermocouple measurements, Based on the totsal
heat transfer frcm the heated section as calculsated by
temperature gradients, Equation 20, q, was found to agree
with g, within en absolute error of 3.8% and an average
error of 1.,1%. Despite the good agreement, optical
measurements were found to be more consistent.

The heat to the section as calculated from the air
inlet and outlet mean temperatures, Equation 33, gave an
absolute difference of 21,54 and an average of +7.0%
from Uy s Results obtained from the inlet and outllet air
temperatures were not consistent. For instance in runs

‘C=l}, D=L, snd E-l4, optical pictures showed the usual

pattern for forced flow with no epparent buoyant sffects;
neverthéless, as the flow rate increased in these runs
%Y decreased. This 1s contrary to all previous evidence.

Due then to the greater consistency and niore likely
scocuracy, it wes declded to use e =9 for all future
caloulations.

Mechanism Analysis

Variation in the local heat tranafer as the flow rate
dsoreases (E to A) can be noted by reference to Pigures 10
and 11. These plot variation in temperature gradients
(which are proportional to q/A) versus x for & partiocular
wall tomperature (500 °F). The D and E runs follow the
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expectcd variation in_that q/A decreases apprcximaiely

by (1/:':)1/3 (note Figure 15). As the flow velocity
decreased, however, a "hump'" appsared in the curve. The
axact deacription of this phenomena can be buat illustrated
by reference to Run X-l.

A plot of the approximate theoretical variation of the
heat transfer coefficient with the actual local ccefficient .
in Run X-4 is given in Figure 1l4. With the entering Reynolds
number at 140 the flow was essentially laminar. As the gas
passed into ther heatsd ssction, heat fiswed from the wall
into the gas in accordance with Equation 8. With the low
flow rate, the gas near the wall became buoysnt and its
velocity became slower than isothermsl flow calculations
would indicsate. This stagnétion of flow near the wall
caused a decrease of the heat transfer below what would be
expected. '

Bofore the gas near the wall flowed much farther, 1its
density- change was sufficlient to cause upward flow at the
wall, Such upward flow created a semi-turbulent condition.
The " heated layers near the wall are thrown into the core
of the gas itream._ This, therefore, effectively brought the
core temperature much nearer to the wall and a sharper
temperature drop occurred per unit distance from the wall,

As can be seen,a sharp increase in the heat tranafer resulted,

.

The semi-turbulent condition and rapid heat transfer

| rate reised the core temperature quickly. Since the buoyant

effect depended upon the density difference between the core
and the gas adjacent to the wall, a decrease in the velocity
of the gas near the wall resulted. This stagnation again
reduced the heat transfer, At some point then the
temperature of the core had become close enough to that of
the wall so that the flow shear again reverted the wall film
to downward flow, Run A-4, Figure 10 shows the beginning of
this condition,
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Reference to Figure 9 ghows the temperaturs profiles
at different valuss of x in Run X-4., At x = 1" and 4* it
is obvious that laminar flow was still comtrclling the heat
flow, By x = 7: it can be seen that ths senmi-turbulent
sondition caused by upward flow at the walls had greatly
increased the core temperature and the temperature gradient
at the wall. Farther evidence of this phenomena c&n be
noted by attention to Figure 8.

As discussed previously, Figure 8 stows - .. ‘ntially
the exact boundary of the heated film., Note thaxv che
upward flowing film socems to tear off into the main core.
This variation of tho film thiockness cauaes fluctuations
in the loocal heat transafer coefficient with time. Note the
waviness of the outer boundary of light. This iight had
passed adjacent to the heated surface. Indentations
indieate where the temperature gradient was momentarily
steeper. Variations in gradient with time made it necessary
to average & number of photographs; however, variation
bstwoen views was not excessive aa can be noted by observing

Pigure 7.

It is of interest to note that even under these
turbulent ocaditions the gradient was approximately a
straight line to y = 1", Maximum daviation (Rum E-j4) of
initially grazing light was 0.05" from the heated surface
when leaving the unit.

If the Runa A-1l, A-2, A-3, and A-} sare examined they
are found to increase in temperature ‘and to havs approxinately
#qual Reynolds numbers. The buoyant counterflow is seen to
becoms more apparent s the temperature increasss. Incresse
in temperature or decresass im flow rate thus are, as expected,
variables which inorease the tendency for the upward flow.
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Comparison and Analysis

Norris and Streid(S) have collected and plotted
some of ths complex analytical sclutiuns for heat transfer
to & fluld flowing in steady state laminer flow. These
equations assume constant physical properties and comatant
wall tqﬁ?eraturs. A plot of these equations is given in

_ Flgurs 12, Coordinates are tebulated in Table XII. Heat

transfer coefficients as exXpressed in these squafione are
defined by Equation 13.

Uéing q, ovér the 12 inch long heated section {Tabls X}
we found the temperaturs rise of the air flow Gh Lfrom tl to
tz. Combining De,'Equation 13, and.zo » We obtaineg the
average Nusselt number (notice that for infinite plates
D, = 2b).

Tne data.afo plottod'againat the coordinates of
Figure 12. Tho line for the average Nussalt number for .
flat ducts (infinite plates) from Figure 12 is also plotted

" on the same graph. These results are prasented in Figure 13,

Sinze kw does not very much with air, the decrease of
the function & is largely due to the drop of G, in value.
It 1s noticed then that ag Gy, Qcheaaes, the data fall under
the theoretical curve. This could be caused by two effects:

1. The resulting slowing downi of the film due to the
increased buoyant effect on the slower fluid, .

2. Emergence from the lcwer transition into the fully
laminar reglion of flow. HNo matter which effect predominates,
the date are no less than 25% under the theoretical equation,

Ag soon &8s the flow rate becomes low senough to cause a
reverssl of flow nezr the well, the Nusselt number climba
again to values over the theoraticel, However, when the
buoyant forces are of the samn order of magnitude as thes
forced flow forcos (as the data are), the upward flow will
again approach the theoretical.

22



= Tharrc*e in the Pfangs lnvestigated, it oan be sald that
the average Nusselt flumber will be within »255 of the values

prédistsd by the | gibta of Pignre 124

’

o In the oase of small L/D ratios & say 1,5 in Run X-4,
S (Pig. 14) such statemants may nct bs true; however sush & )
‘small L/D would rarely be found.
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. .In the renge in which the buoyant force is much greater
.than the forced flow foroes, it appears that the Nusselt
number would approach vealues given by heat transfor to a.
oooler tluid in a vertiocal tube, the lower end of whish La‘
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NOIZ: NCLALURE

A = gurface area of that part of dnct which transfers
heat (fer a flat duet it includes both sides if
both are transferring hect), sq ft

a = longest side in the perimeter of a duct, ft

ay = heated portion of a

T B APTR EOm Je or

b = gshortest side in the perimeter of & duct, {t
c = 2a+2b = perireter, ft

c = orifice discharge ccefficient, dimensionless
¢

D

5
£
'JY

ex
5
Y
A

= gpacific heuat.(at constant nressure), BTU/lb/QF
= diameter or distance between plutes for a flat duct,
ft

D = D for orifice flow meter

D = D for the pipe at the flow meter

De = equivelent diameter — 45/C, ft

F = frictional force, 1lb force/sq ft/ft

G = /S = welght velocity, lb/sq ft/hr

Gy, = G based on Sy 1b/sq ft/hr ,

e = conversion foctor, 1lb mags ft/1lb force hr

g1, = acceleration due to gravity or centrifugal force

rt/hr
h = hezt transfer coefficient based on particular tenp-
e erature differences indicated by subsecript used-

#ith hy as defined by Squation 13, BIU/hr/sq Tt/°F

ha = h on arithmotic-mean-tenperature basi; (see
Equation 13)

hi = h on inlet-terperature-difference basis (see
Dguation 13)

hL =~ h on logarithulic-ncon-temperzture basis (see
Rguation 13)

hi = h on locul-temperature-ditfierence basis (see

gquation 13)
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|
g !5’ kw = thermal conuuctivity of fiuid at wall te: serature,
r BIU/ (hr) (su £t) (PF)/(ft)
2 L = distance from enlrance of hewted portion of duct,
£ ft (unless otherwise statcd)
E it = portion of traveling thernmoccuple wire exposed to

K

radiation, £t

’» 1
=
]

& opt optical length meccured from center of heating rlate-
g; to secreen, inches
< JPr = gu/k = Prandtl number, dimensionless
H% NRe = GD/u = Reynolds numler, dimensionless
e NRe = Npe through the orifice
: o}
NRe = N5, based on inlz2i tempersture (tl)
1
NNu = By D/k, uver.so ussell number, dimensinnless

p @ = pre=zzure dron, 1lb force/s ft/ft
= abcolute »ressure, 1lb {orce’/ss ft, unl-ss otherwise

staled

Pb = barometric pressure, cm water

PB' == barOmetric vressure, mm Hg

Pd = abtsoluie 'ressure gt the dov:stream 110" meler pipe
tap, cm water

Pu = zbsolute cressure at the urstreem 1o meter ripe
tap, cm water

o] = total n:at transfer, based on u pnrticul:r'meuhod
of arriving =t the result us indicat-d bv thr sute
script used witn o, BTU/hr .

Qp = q based on terrersture rise oi° the nir through the
test mnit (see Equatinn 33)

dy =q bzsed on iat/ay)aT as calculzted from thermocouple

readings at fixed distances from the wall (see

-a
.

Sauation 20)
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= q based on (dt/oy),y as calculated from visual
measurenients (see Lquaticn 20)

= heut energy developed in unit volume and time,
biU/hr/ecu ft

= cross secticnal area for Ifluid flow, sq Tt

= § for the area ahb, sq ft

= absolule temperature designati~n of t, deg R

= fluaid temperature, deg F

= traverse nean (mixing <up) temperature of the
fluid, deg F

=t at entrance of heated portion of duect, (x=0),
(see Bquation 31)

= tm at any distance (x) down heated portion of
dvet '

= tm at contraction (ses Fguatlon 12

= refercrce fluid tenpecrature, or average temper-
ature ot the flow netery deg F

= w21l temperature, deg T

=t, - (t1+4t5)/2, deg F

= veloclity, ft/hr

=u averare for the entire cross section of duet

ave

v in x directlon

u in vy direction

u in z directicn

1b/hr

total mics flow rate of I.aid,
echicn (ahb) (s o0

W throurh the Yeore" cross s
Ecuution 34)

axial distarce from the entrunce of hested
portien of duect, inches

» in dimensiong of feet

= measured screon deviation of refracted light,

inches (sze Tirure 95)
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y = shortest distance between the hected surface
and the duect axis and is ;mecsured frorm the
wall, inches

R =y in dimensions of feet

T AT T

J
2 = distance perrerdicular to the duet axis and

i

parallel to the heated surface, inche:
LA = g in dinensions of feect
a = k/pcy thermal diffusivity; sy ft/hr
ct! = absorbtivity, dimensionless
o = tine, hr
L

= yiseoslty of fluid, (1b feorce) (hr)/{(sq ft)

P - = density, lb/cu ft

Po = p at temperzture t,, 1lb/cu ft

(éﬁ) = air tempersturs grudient at the he:tod surface

¥y (y=0), Géog F/ inch

3t at

= = <= g8t x

(oy)x &Y

@ -

37 4p 5y', &8s determinec from treveling thermscouple
megsursments

ot ot 3 = :

(=) = (=) 25 determined from optical measurements

oY "xv 9 x

¢ L

2ty >t

(=) =¢y (=== dx!

oYy , oy, T degz F/inch

(éi) = (33) as determined from truvellng thermccouole

9F gt Y a )
rieasurements

(QE) = (23) 8s deterained from ootical data

Y av Vg

~
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APEODIEL A - 3ATPLS CALCULAYIGHD

1. Calculution of Y .
Using x = 3" from Run £-4 23 an exinpley, we find

= from the primary data that;
A = 1,425 sq ft
- ay = 2,56/12 ft
$ De = D2bh = 2D = 2.,02/12 ft
I, = 0,0243 BILU/(hr) (sq i't) (deg F)/ft
Z Tave
£ 1 = ¥ a
§ Lo 2ig 563 inches : o
g P! ™ 104G em watar x 1.357 = 765 mm He
o] = 495,0 deg F * 955 dep R
=g
) = 494,9 deg F
ave
Y = 2,240 inches

3
&
]
%
=
;
&
g‘.
Y
§
1
AL
B
i
i
5

from fouation 22 then:

&£ Wiagh 2.240,2 (760)(955) o 1 300
; P 1Ry G070 - 1o
Substituting in .quation 21 and multiplying by the
correction factor as indieated on page 29 gilves:

t ' L.
Q) = (0.95) r2.¢4o 55 %ozgléu)
o xV (6.1445 e /12) (50

= 2720 deg F/inch

2. Calgulation of q..

Cazlculation of the average value of (at/ay)xv over
the length L can be accomplishoed by graphical use of
Bquation 19, (at/ay)xv is plotted versus x and either
graphically integrated or specific points are taken which

fit Gausse's numerical integration forumla (15). Such an
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integration for Run E-4 gives:

at e ATEA 0
ay)av 2552 deg F/inch

The heat [lux to the alr through the test unit is
expressed in Lquation 20 as:

Up &= IQKW(gg)av

substituting the above values gives;
qy = (12) (0,7242) (1.425) (2552) = 1042 BIiL/hr

3.  Salgulation of .,
g

i gruphical plot of the temperature profile at the
start of the hexzted portisin of the duet (x™0) in conjunction
with Zguation 31 gives tl‘ This is accomplished either by
graphical integraticn or use of (Gauss's nmunerical integration,
For Run f-4, t, = 1°7.1 deg F.

Solving for t, in Eiouation 2¢ gives:

= 2y
27T
7 10, 32377 (0.94) (30007 (0.343) ~ 1°0.5

thien,

sty = 494,9 - 1202 + 10701 = 361,71 qeg F

Combining Zquations 13 and 20 and multinlying both sides
by Dgy we have:

IR
v L (ay;w De _ (12) (2272 (2,02/12)
Jua 1z e 36T

w a
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TABLE 11
Fe

CONTRACTION TENPERATURE® PROFILE
AT DISTANCE, x, = 12 1/4" FROM THE TOP

RUN Distance from %all, y, Inchea
; N 300 43850 0400 «450 <500
A=l 1524C 14648 142.C 13745 13746
g A-2 20742 200¢4 189,.5 182,5 181.1
3 A=3 28065 269,C 26347 249.3 24840
L : A4 35549 33942 32046 310.4 31l.1

5

- X4 295,1 28067 25349 240,1 23503
B-la 120.3 13046 114.7 10749 10546
3 B-1lb 146 .4 1370 123.1 13245 111.8
; B.-2a 17042 158,45 14844 133.1 12747
B-2b 194 .8 174 .6 154.1 1373 1310
B-3 20544 189.7 180.8 17245 16€.5
B-4 256,7 241 .6 229.C 218.7 212.6
q C-ia 132.3 120,.6 109.7 101.C 101,.5
i Cc-1b 143.0 12646 118.2 111.5 112.4
€ c-2a 15947 14049 121.C 108,5 10749
e c-2b 170,0 15343 132.3 119.5 119.8
i Cc-3a 206,44 180.9 15563 - 137.3 125.5
f C-3b 204 2 179.4 155.3 136.3 131.C
: C-4 25244 20742 181.2 162.6 149,.8
D-1la 126.0 113.6 1036 101.,4 10246
D~1b 1360 124 .1 11645 112,.9 113.1
D=2 162.2 138.8 119, 7 1106 110.7
D=3 196.7 174 .8 135.2 123 .4 121.2
D-4 24349 194 .8 15943 141.8 142,.4
E-1 132,47 12144 11446 112.4 112.6
Ba% 15747 132.4 123.9 11745 118.8
Hed 17648 145.5 126,.8 11€.8 121.1
E-4 212 .4 166.3 136.1 12746 1277

# All Temperatures are Iin
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TABLE IIY-a
«
GRADIENT TEMPERATURES, °F
Iggn ?ig;ar\;gil Distence from Top, X, inches
* %, inches 0 1 3 6 9 11 117
0.025 159.4 188.% 196.9 198.0 1%2.7 192.9 190.3
0.050 149.1 179.6 185.4 187.7 179.2 181.8 180.3
0.075 135.3 166.6 177.2 177.2 167.4 172.3 173.8
, 0.025 213.6 25L.7 269.8 260.8 271.5 268.5 265.5
& 0.050 188.1 234.6 255.1 240.5 253.3 256.8 255.4
~ 0.07¢ 179.3 210.2 24L.3 215.9 237.7 242.6 6.
A-3 0.005 318.0 376.8 387.9 398.0 397.1 389.3 378.5
0,025 300.0 36C.C 365.9 1377.5 380.7 374.6 366.4
0.050 281.8 1335.6 334.2 34Lk.2 362.2 359.9 357.5
0,075 256.0 316.8 1306.1 311.8 339.2 339.6 344.0
A-L  0.005 396.9 L68.7 L48L.0 494.9 Uu96.2 LB7.S 476.9
0.025 371.3 ml-.?‘ MS.Z h6u06 h76.7 u69o ubu.a
0.050 342.7 417.8 397.2 L430.9 451.4 LS2.4 446.3
: 0.075 298.8 391.3 360.9 392.4 U426.3 430. 433.2
C 0025 348l6 430 Us9ls 503 LLSLL USiie io.
0.050 316.2 399.8 L427.0 " y° LOL.3 L414.3 L18.4
0.100 256.2 324.6 367.0 320.8 359.5 369.4
B-la 0,008 174.6 195.1 20i.0 205.9 204.6 200.9 183.8
0.025 152.9 180.0 189.2 196.1 197.2 1i94.2 181.4
0.050 136.6 163.9 177.1 186.0 186.1 186.4 179.5
0.100 110.0 135.8 152.9 162.3 169.0 171.0 170.2
B-1lo 0.005 167.9 200.5 206.1 209.5 208.3 205.5 201.
0.025 154.3 186.3 195.8 200.5 201.9 198.9 196,
0.050 14,0.8 170.6 183.2 191.3 193.4 191,3 191.8
0.075 129,0 156,9 172.1 180.9 183.4 184.2 185.8
B-2a 0.0075 215.2 274.8 285.2 293.3 291.5 28g.g 3.2
0.025 192.1 255.1 269.4 281.7 278.8 265.8 262.5
0.050 156.2 =211.2 237.1 249.3 250.6 233.2 23o.g
0.100 131.8 179.6 207.9 230.9 225.2 204.4 209.
B-2b 0.005 224.6 283.4 295.5 303.5 302.2 295.2 286.7
0.025 199.0 261.7 278.9 288.7 290.3 283.9 277.5
i 0.060 180.,8 236.1 260.4 272.2 275.1 271.5 26%5.6
i 0.075 155.7 211.9 239.0 254.1 259.6 255.,6 251.9
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TABLE III-b
GRADIENT “EMPERATURES, °F
DIstance

gtom from Wall Distancse from Top, x, inches

3 * ¥ inches 0 1 3 6 9 11
g B-3  0.0075 305.4 363.4 377.6 387.2 380.2 368.0
¥ 0.025 276.4 337.4 357.0 368.9 357.4 342.9
5 0.050 239.3 304.5 330.4 345.8 323.3 303.8
P 6.100 173.0 242.¢ 2B1.8 292.6 266.9 248.0
3 B-4 0.0075 377.8 455.6 L7L4.7 U464.8 L469.7 U453.7
0.025 333.7 L424.1 U453.7 463.1 438.3 L21.5
0.050 293.5 381.6 119.1 L432.C 393.8 374.2

! 0.100 216.}

¥ C~lz 0.0075 153.5 188.8 194.6 199.0 198.4 194.6
; 0.025 137.7 172.3 183.7 188., 188.8 186.8
| 0.050 122.7 153.9 169.8 176.0 179.2 179.5
| 0.100 160.7 117.6 139.,6 147.3 151.7 154.2
4 c-1k 0,005 163.6 195.7 202.9 207.3 206.9 203.6
« 0.025 148.4 178.9 190.3 197.3 197.3 196.1

0.050 132.5 16éi1.5 176.0 184.6 188.3 186.5
075 121.1 144,.9 161.6 173.0 181.0 176.6

Vel
C-2a 0.0075 209.6 270.8 283.4 1.0 286.8 282.4
0.025 182,7 24L.9 265.0 273.5 274.4 268.7
0.050 157.5 215.0 237.0 252.2 253.7 252.2
0.100 115.3 153.1 191.9 204.0 206.8 208.3

0.025 192.2 252.¢C 271.9 282.0 284.4 278.9
6.050 162.,9 218.8 245.L 259.3 264.9 261,
0.075 143.0 190.9 221.2 236.8 243.1 239,

C-3s 0,0075 28L.7 358.0 373.6 382.8 378.5 367.7
0.C25 255.5 327.1 348.6 2363.2 357.7 347.9
0.050 212.6 284.2 312.4 325.1 297.7 325.2
0,100 142.8 201.L 248.2 263.8 269.6 263.9

c-3b 0.005 274.0 361.5 383.1 393.9 1390.6 380.7
0.025 233.8 321.0 350.9 367.9 367.0 359.C
0.050 202.0 281.2 322.1 340.0 343.4 336.1
0.07¢ 165.L 242.0 287.9 308.2 309.7 306.1

9 487.1 470.3
60.5 U456.8 U45.3
.9 423.3 L06.1L
2 388.5 370.1
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TABLE Ili-c

GRADIENT TEMPERATURES, °F

Distance

Run £ om wall

Distance from Top, X, inches

No. &y "inches O 1 3 6 9 11 1
© D=1 0.00 148.2 187.4 194. 198. 1i99.1 194.7 193.0
3 o.oz%s 1%2.5 165.@ 12%.% 126.3 190.7 132.3 187.3
0.050 115,1 1i4.9 161.8 171.6 176.3 173.5 178.0
D-1b 0,005 157.3 191.3 199.3 203.& 203.7 199.7 196.3
0.025 145.6 174.8 186.1 192.9 193.2 191.9 190.0
3.056 127.2 168L.7 169.6 178.8 182.,1 181.8 182.8
0.075 117.9 136.3 153.2 163.5 168.9 168.6 2A71.4
D-2 0.007% 198.0 267.3 280.3 289.5 287.8 281.4 278.3
0.050 140.3 201.0 228.1 245.9 250.2 248.5 249.7
0.100 106.7 133.6 168.4 186.7 195.9 194.0 202.3
D-3 0.0075 297.0 356.7 375.6 381.4 380.5 376.6 352.3
0.025° 239.% 316.9 346.3 357.1 358.3 347.6 338.9
0.050 .192.5 271. 307.2 321.2 323.4 317.4 310,
0.100 122.7 169.4 218.0 242.2 247.3 242.4 257.
0.025 281.1 1398.8 u36.z 455.5 u52.§ LLO.6 L30.9
0.050 218.,7 339.4 381.6 413.5 412.6 L407.7 LOL.O
0.075 167.0 264.8 327.5 354.2 361.6 364.3 368.7
E-1 0.005 161.8 200.7 209.2 212.3 210.Lf 206.5 204.3
0.025 143.1 180.4 192.2 197.0 197.5 196.0 196.0
0.050 124.1 152.6 170.6 177.9 181.,0 180.9 18L4.L4
0.075 113.0 130.6 148.C 158.6 161.,7 164.2 170.0
0.025 185.6 248.8 268.7 277.9 279.1 274.8 273.5
0.050 147.3 201.9 231.3 243.8 249.¢ 247.9 252.L
0.075 126, 161,53 1%92.9 208.3 210.8 214.3 220,
E-3 0.005 267.3 361.6 380.2 387.9 381.3 372.8 361.6
0.025 220.7 311.6 341.1 356.4 353.3 348.6 243.6
0.050 165.6 250.0 288.9 312.6 315.2 313.0 315.5
0.075 131.4 189.7 234.9 259.0 265.4 265.3 278.2
E-4 0,005  34,7.7 460.7 L83.0 L93.5 L8L.1 470.6 U54.1
0.025  278.3 397.0 43L.1 L51.9 Uhh.3 L36.0 U429.7
0.050 201.8 317.6 365.2 394.7 394.6 390.9 396,%
0.075 145.1 223.1 291.6 317.5 333.0 334.0 345.



¢ TABLE IV E
THMPERATURE PROFILES RUN x-4

Distance

From Distuance from the Top, x, Inches

Wall, y,

Inches O 1 3 4 5 7 9 11 12 34

o005  308.9 4€7.9 487e4 4895 4905 49162 486e3 475¢5 46143
o025 3486 438e4 459¢9 4665 461le3 44640 448e4 45146 440.8
#C50 31662 3998 4270 42446 425,3 398e5 4043 414.3 418.4
& 100 25642 32446 3B7e0 367e7 352.1 35153 32048 359¢5 36944
150 1798 247.2 30244 29848 29344 261¢3 280,7 300,6 32869

2N TEY M

200 12767 175047 251eC 256¢86 2566 236eC 24742 27367 292.3
300 94,9 100,55 152.4 4184.1 204.1 213.4 218.8 246.1 264.1

«400 875 91e9 10768 12064 15347 19167 21141 22345 242.4
c «500 80.1 90e¢3 10866 11l1le4 1281 183.0 211,9 221.,6 23348

4 Al)l Temperatures are in °p
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TABLE V
WALL TEMPERATURES™
Run Distence from Top, X, inches
: ik 1 3 5 1 9 11
A=l 203.1 207.3 209.7 210.9 209.7 206.0
A2 282.9 290.1 293.6 295.7 293.8 286.9
A-ﬁ ﬁﬂu 5 96.3 L402.7 Loé, 2 uoz.o ﬁ9u .6
A- 96.2 505.2 6509.9 506.3 93,6
"" X-  477.6 L94.3 502.2 5049 500.3 485.2
B-la 198.2 202.2 204.5 205.9 204.7 =200.8
B-1b  206.3 210, 212, 21,0 212.9 209.1
B-2a 289.3 266. 300, 302.7 300.5 293.0
B-2b 295.7 - 303.4 307.8 310.1 308.0 300.8
% B-3  378.5 389.5 394.9 396.7 392.8 380.8
B-l 475.3 h90o9 yy8.2 500.6 495.1  479.1
O c-la 196.6 200.5 202.6 203.9 202.9 198.9
c-1b 202.u 208.6 211.1 212.5 211.3 207.7
c-2b 291, 6 299.2 303.5 305.6 303.2 295.6
C-3a 380.2 391.5 397.3 99.7 395.5 384.0
C-3b 384. 8 397.3 463.9 06,9 Lo3. 391.7
c-4 L478.7 495.6 SoL.6 508.1 502.9 L486.7
D-1a 198.0 202. 204.8 206.2 205.1 200.8
D-1b 200.7 20L. 207.3 208.5 207.6 203.8
D=2 288.0 295.6 299.7 301.8 299.3 291.3
D-ﬁ 80.0 91.2 39701 399.9 396.2 383.
D- 77.6 9!4. 50306 50703 502.2 14.86.0
E-1 208.2 21z,7 2i5.6 217.2 216.2 211.8
E-2 296.2  304. 30,0 311.2 308.8 300.4
E=-4 477.2 L95.0 504.2 508.0 502.3  484.7

N

% A11 temperatures are in °F,

i i e T T
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FLOW_METER DATA

TABLE V1

Orifice

Run ty AvV.

No. Number gF Pu-Fg Pg-Py Py
A-1 1l 103.0 2.8 0 1037
A=2 1l 103.1 25.6 0 1037
A-3 g 111.4 25.5 0 1033
A<l 1l 111.5 25.3 0 1028
X=l 1l 105.4 60.8 0 1031
Rela 2 115.8 16.3 o 1040
B-1b 2 118.6 16.0 0 1031
B«2a 2 110.0 15.2 0 1033
B=2b 2 121.1 16.0 0 1036
B~ 2 107.6 15.5 0 1032
B= 2 1i1.3 15.9 0 1031
C=1b 2 125.0 36.3 1l 10&1
C-2a 2 110.8 35.3 1l 1040
C-2b 2 122.8 36.2 1 1039
C=3a 2 115.7 36.7 1l 1033
Cc-3b 2 121.0 35.9 1l 10
c-4 2 116.2 36.3 1 1032
D-la 2 117.0 63.5 2 1033
D=1b 2 126.1 64.3 2 1031
D~2 2 116.2 €5.1 2 1031
D=3 2 114.7 64.5 2 1030
D=L P 122.2 oL.7 2 1028
E=1 3 125.6 13.2 10 1032
E=2 3 125.2 13.2 10 1029
E-3 3 117.8 13.5 10 1639
E=l 3 115.5 13.5 10 1040

g

B\ st e A




TABLE VII A

OPTICAIL DATA

A4 i1 "

. Filns

Run ) Film
t
No. Iﬁgg:. e Numbers Esg ua§2
Yg

A-l 663 G=-512 109-11% 109-113
A-2 663 G-512 115-11 115-118
A- 663 G-513 119.122 119-122
A=y 662 G=-513 123=-126 123,124,126
"Xel 663 G=492 87-100 88,91-93,100
B-la 66l G-L,05 15-18 16, 18
B-it 65 G-587 161-165 163,168
B-2a  66L G-}05  31-35 32, 3
B-2b 503 G-589 175-178 176,177
B-3 66l G-Il 53-56 53-56
B-l 563  G-454 65-68 65-67
C-la 664 3«05 23-26 24-26
C=-1b 66 G-588 166-170 167,168
C=-28a 66l, G-405 36-40 g?-uo
c=-2b 663 G=589 179-184 181,183
c-3a 664 G-LS4 57-60 58,59
C=3b 663 G=590 189-192 190,192
C=- 563 G-586 150-154 152,153
D=la 664 G-408 27-30 28-30
D-1b 66 G-588 171-17h4 172,174
D-2 66  G-405 L47-52 49,50
D=3 563 G-454 61-6 62,63
D=l 563 G-587 155=1%80 157,160
E-l 663 G-513 i27=-130 127,130
=2 663 G-513 131-137 133,136
E-ﬁ 563 G-51b6 138-145 141,145
E- 563 u-586  146-1L49 147,143

* Denotes file number of the film in the
Photographic Department, University of

Delaware,

Newark, Delaware
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TABLE VIII

TEMPERATURE GRADITENT AT THYE wALL, (%.)

Op /INCH ~ THERMOCOUPLE DATA

at ?

RUN Distance from the Top, i; Inches

HOe 0 1 3 6 9 11 11 3/4 12
A=l 512 473 396 422 552 393 320 —
A=2 1264 €05 570 840 o83 492 32" e
A-3 878 861 858 1192 804 688 477 —_—
A-4 1313 3 1758 1468 1005 814 627 —
X~4 3280 1506 135¢C — 1773 1202 951 —
Be=la 1274 655 529 460 431 306 — 132
B-~1lb 742 678 444 432 338 298 222 —
B=2a 1320 1124 £33 710 700 845 &78 ——
B-2b 1€08 1044 808 700 604 564 468 —
B-3 ivve 1363 1168 1015 1225 1408 1158 —
B4 2874 1768 1252 1228 1790 1830 1320 —
C=la 1144 733 596 558 506 440 a7 —
C-1b 666 818 658 548 496 396 304 —_—
C-2a 1768 1235 1084 940 825 780 666 J—
C=-2b 2016 1382 1144 912 758 6560 564 —_—
C-~3a 1700 1750 1445 1280 1168 1113 925
C=3b 2050 1776 1428 1210 1080 1035 820 ——
C-4 2522 2288 1644 1548 1422 1452 1236 —
D-la 1180 1054 722 56 565 493 324 ——
D-1b 666 824 654 542 486 380 210 S
Dt 2150 1522 1145 1147 914 882 797 —
D=3 3794 2015 1700 1420 1332 1176 1043 —
D-4 2414 2518 2134 1654 1666 1358 1068 —
B-1 1060 1014 870 756 €660 568 438 =
B-2 1988 1750 1486 1364 1182 1038 766 S—
R~3. 2410 2440 2124 1676 1548 1402 1118 —_—
B4 3968 3170 2680 2208 1480 1462 1224 S

# All Temperatures are in %p.
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VARIATION OF LOCAL NUSSELT NUMBER WITH LENGTH

TABLE XI

h Db/k
X w
g‘o“: L ts te-to (3t/ay) Experimental
|inches | °F °F °F/inch Thaowy.
X-4 o) 113.8 348.2 2690 15,31 oo
1/2 118.6 352,0 1538 - 8.83 18,07
1 123.1 352.{ 1258 7.19 14.17
Z 130.8  356.L 1117 6.3L 11.38
3 ﬁﬁ 357.3 1080 5.10 9 92
L1 2 3847 1242 .07 ol
5 152 349.6 1665 9. 8 %
6 340.3 1910 11.31

7 17 v 328.2 2250 13.84 7
8 190 '8 313.0 2350 15.17 7.12
9 2 0  296.3 2120 14.46 6.86
10 216.1  277.7 1783 12.99 6.64
10 26. 259 .2 1L7¢ 11,50 6.41
12 234.3  240.7 1310 10.99 6.25
1/2 111.0 360.2 3960 22.22 30.68
1 11i4.5  362.7 3500 19.51 21,139
2 120.6 366.6 2980 16.3)3 16.97
ﬁ 126.5 369.5 2720 14,.69° 14.82
130.3 369.9 2520 13,78 13,49
S 134.9 269.3 2410 13.19 12 48
7 143.1 364.9 2160 11.9 11.19
8 146.9 360.1 2080 11.66 10.69
9 160.6 351.7 = 11.51 10.28
10 1ch,2  340.9 1917 11.35 9.93
11 157.5 327.2 1778 10.59 9.61
1z 160.5  309.5 1560 10.18 Q.33

——
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TABLE XII

HEAT -TRANSFER RKELAT IONS

FOR PARABOLIC VELOCITY DISTRIBUTICN

AND CONSTANT WALL TEMPFRATURE

s

) Round Ducts ?lat Ducts

, _ cGD? b hgD i N Ba’e e
L. "> 7 k & k K %

I Deé2 0«50 S5.68 025 0¢850 7 060

2 C.50 0.99 3676 0450 1.00 7650

S 0675 1,48 3 ¢81 0675 1.50 7460

4 0.98 1.92 386 1.00 2400 7460

S 1.20 2:29 u.91 1.24 248 7e62

6 1.39 2060 00:10 1.“:3 6095 7.55

v 1.57 2486 4,01 1.73 3442 769

8 1l.74 307 4 4C6 1.96 385 Te74

9 l1.89 3e28 4.11 2.18 4,23 7.80

i0 2.03 3.41 4,16 2.39 4,58 7486

12 227 366 4e42€ 2 78 5.18 7692

15 2.60: 35.95 4.41 « 30 5489 7.98

20 3.05 4,38 4,70 4 Q0 Ce6%7 8.05

25 3e43 4,72 4,97 4,55 7.16 B.15

30 3676 5,02 5422 5.00 750 8,24

40 4,33 Selk Se6%7 S.74 B4 £452

60 Se22 632 €448 673 8467 8493

.0 6023 7e24 730 "748%7 Se54 9,67
130 727 £.18 Bel3 8.27 10.4 1065
200 a.,83 Q.4E Q.48 10.4 11,6 11.6
300 10,1 1C.2 1J0.8 12.0 13.1 13.1
400 11.2 11.9 11.9 13.4 14 .4 14,4
€00 13.0 13.6 13.6 15.4 1642 16,2
1000 15.6 161 16.1 18.8 1G5 12.5
2C00 13.9 2062 2043 22 e3 2369 2369
30CC 22.9 23.3 233 2Ce4 2649 26.9
4000 25¢3 5.6 25.€ 28,9 293 299
6000 2940 20.3 2063 3351 33 5 335
10200 34 .5 54 .8 34 .8 3046 3949 39.9
2000C 435.5 43,8 43,8 50.0 5062 50.2
30000 50.0 ECe2 50.2 3740 5742 572
40000 55e1 852 5662 62.6 €248 52.8




TABLE X1II

THERMOCOUPLE CALIBRATION

Iron-Constantan Copper~Constantan
Averaga Maximum Average Maximum
Deviation| Deviation | Deviation Deviation
Temp.} from fron from from
Standard | Aversge Standard Average
Deviation Deviaticn
°F oK °F °F °F
76.8 =0.5 0.36 -0.1 0.56
105.2 -1.0 0.58 -0.1 0.53
124.6 -0.9 0.53 0.1 0.54
iy7.4 -1.3 0.58 0.0 0.62
168.2 -1.6 0.56 0.1 .70
190.7 2.2 0.61 0.1 0.70
212.3 -2,2 0.64 0.1 C.70
235.4 -2.4 0.68 0.2 .70
254.0 ~-2.5 0.78 0.1 .76
274.9 -2.8 0.81 0.3 0.86
293.6 -3.1 0.89 0.5 0.86
313,6 -3.5 0.92 0.5 0.89
333.2 -3.3 0.94 0.6 0.91
355.5 -3.7 0.8
375.7 -3.5




TABLE XIV

ORIFICE CALIBRATION

D
Orifice o N c
e, Reo o
i 0.02475 8,200 0.621
© 11,590 0.613
15,22¢C 0.607
18,100 0.61}
22,060 0,608
25,900 0.60L
30,150 0.60€
33,100 0.605
36,150 0.603
2 0.03935 18,700 0.613
23,800 0,609
29,550 0.606
Iy, 130 0.601
0,100 0.604
45,400 0.604
51, 650 0.60L
55.150 0.603
3 0.0656 30, 660 0,625

Le,90C 0.628
49,200 0.625
59,500 0.625
69, 44,00 0.625

Dp = 0,1600 ft.




TARLE gV
Aleshizagtie RV

CEMNYER-LINL CCRY TENMPERATURE,” O

— e —

RRT '
NO. Distance trom tho top, 7, Ilnches
0 5 3 6 9 1) 11 3/4

A-1 83.5 335 9Ge5 10049 124,98 140,83 134 .5
A-2 8Ce8 0Ce9 122 .5 140,11 ~ 153.4 176.,0 1775
A=3 Q9e%7 104.3 138,1 186,45 22065 258,56 24C.1
A-4 107623 12045 175.9 22047 260,.,7 29364 3025
X=4 £69.1 9063 10845 —_— 211,97 21,45 233,8
B=-1C 100,9 101,3 102,90 133645 e 109479 109.3
B=20 10364 10367 iC4.5 107.8 116.2 124 4,6 127,21
B"S 91.1 91.5 0-.5.6 103.2 12604 lblo" 159.2
-4 93.9 94.7 6.8 13147 171.4 192.5 201.3
C-1h 1065 10645 106€.7 13763 10%.1 109.9 11045
=2 105 .2 10546 13568 103,90 11C.9 115.4 1163
(" C=3a 9€.8 97.1 9840 10263 114 .4 121,7 123,41
C-3% 104,1 104.3 105.1 10846 116,9 124,58 12669
C-% 10345 104 .5 106548 11C.7 12255 14C.5 143,11
D-2 10940 108e€S 109690 10C.4 110.5 111.4 l112.2
D-2 100,2 100.2 10Qe3 102,90 174.9 107.4 10G.4
D-3 08e5 9845 09.1 102.4 108,.,7 115.9 118,9
D~-4& 111.4 112.3 113,3 118672 12640 135.3 137.5
z E-1 10848 108.5 108,56 109,0 110,83 111,.8 1125
=2 108.4 108,22 108,83 110,56 11345 116,83 11742
=2=3 104.3 104,.3 104.8 10744 1i2.2 11647 118,.4
H=-4 102,.,6 103.3 104,77 108.2 115.5 121.9 125,.9

o
4 All Temperatures are in "F.
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ite shadowgraphs of runs in which
iwoyant effect is not noticeable.

Figure 6. Comnpos
the upward bu



Figure 7., Composile shadowgraphs of Run X-4 in
which the -pward buoyant effect is roticalle,
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